In this paper, a hybrid nanocomposite (MB-rGO) was synthesized based on the p-p stacking interactions between methylene blue (MB) and reduced graphene oxide (rGO). The as-synthesized nanocomposite was characterized by SEM, TEM, XRD, FTIR, UV-vis and XPS spectra. UV-vis spectroscopy and electrochemical tests suggested the MB-rGO modified on the electrode exhibited glucose oxidasemimetic catalytic activity towards glucose, and displayed excellent electrocatalytic performance for electrochemical detection of glucose with a wide linear range from 1.04 to 17.44 mM, a low detection limit of 45.8 mM and a large sensitivity of 13.08 mA mM À1 cm
Introduction
In recent years, with the gradual improvement of people's living standards and the aggravating trend of population aging, the incidence of diabetes is gradually increasing around the world, gravely threatening human health. [1] [2] [3] Monitoring blood glucose levels is of vital importance for prevention, diagnosis and treatment of diabetic patients. 4 The traditional methods of detecting glucose mainly include spectrophotometry, 5, 6 chromatography, 7 and electrochemical methods. 8, 9 Thereinto, electrochemical methods have been widely used with the advantages of speed, accuracy, and low cost. 10 Therefore, much more effort has been made to develop electrochemical glucose sensors with high sensitivity, excellent selectivity and good reliability for detecting glucose concentration in blood.
11-13
Electrochemical glucose sensors are mainly classied into two types based on enzyme and enzyme-free (nonenzymatic) electrochemical sensors.
14 The former, glucose oxidase (GOx)-based electrochemical sensors, commonly exhibits good sensitivity and selectivity, but its performance is badly inuenced by complicated immobilization procedure, critical operational conditions and enzymatic chemical instability. 15 Moreover, enzymatic electrochemical glucose sensors have the disadvantage of short shelf life, which resulting in high fabrication cost. 16, 17 Hence, the development of nonenzymatic glucose sensors becomes a attractive alternative. 17 With the rapid development of nanotechnology, the great progress of enzymefree glucose sensors has been made. Numerous nanocatalysts such as metals, 18, 19 metal oxide 20, 21 and their hybrid with carbonbased nanomaterials 13, 22, 23 have been explored for electrooxidation of glucose. Besides, inorganic complexes 24, 25 were also used for the electrocatalytic oxidation of glucose in nonenzymatic glucose sensors. Whereas a few of disadvantages still exist in the developed nonenzymatic sensors. The metals-based (particularly noble metals) nonenzymatic sensors oen suffer from various of problems such as high cost, inferior stability caused by chloride ions triggered the poisoning phenomena, 10, 26 and lack of selectivity in the catalysis of glucose if some carbohydrates coexist. 27 Therefore, novel electrode materials with simple, low-cost and good stability and selectivity, particularly organic materials without metals, are still desirable in development of nonenzymatic sensors. As far as we know, the redox-active functional organic molecules such as methylene blue (MB), which can initiate the electrochemical reactions and generate the change of electrical current as the enzyme-mimetic electrode materials, are rarely reported, owing to their relative poor conductivity. The electrochemical sensors based on the materials using the functional organic molecules as redox species are expected to have advantages of good reversibility and sensitive response signal through combining other conductive materials.
MB, a typical water-soluble cationic organic dye full of p electrons, has been used as a redox indicator for detecting some biomolecules by electrochemical method, for instance, Plasmodium falciparum histidine-rich protein 2 in immunosensor, electrochemical DNA-sensor. 30 The formal potential of MB is within the scope of À0.10 to À0.40 V (versus SCE) at pH range from 4 to 11, which is near to the potential of common redox enzymes or proteins, such as glucose oxidase, 9 horseradish peroxidase 31 and hemoglobin. 32 Given the above facts, MB can be considered to play a role of redox enzyme and used to develop novel enzyme-free electrochemical sensors. To the best of our knowledge, MB, as a mimetic enzyme, for constructing nonenzymatic electrochemical sensor has not been reported.
Because of its good water solubility and poor conductivity, MB can't be directly used on the electrode. But, the electron transfer ability and the stability of MB as electrode materials could be improved by compositing it with other functional materials.
33 Graphene and its composites can well promote electron transfer and have been extensively used as electrode materials owing to their unique structure and excellent properties. 9, [34] [35] [36] [37] In this work, a MB-functionalized reduced graphene oxide (MB-rGO) nanocomposite was fabricated through p-p stacking interactions between MB and rGO. Due to the modication by MB, rGO can keep its monolayer sheet structures in water and better conductivity. The MB-rGO/glassy carbon (GC) electrode constructed by the as-prepared nanocomposite (MBrGO) exhibited good electrochemical catalytic performance for glucose, and could detect glucose with wide linear range and high sensitivity, indicating the redox organic molecules could construct enzyme-mimetic electrochemical sensors by combining other functional materials.
Experimental

Materials
MB was purchased from Aladdin Reagent Co. Ltd. (China). Hydrazine hydrate (35 wt%) was provided by Sigma chemical Co. Ltd. (China). Natural graphite power (99.95%, 325 mesh), glucose and all other chemicals were obtained from Sinopharm Chemical Reagent Co. Ltd. (China). Human serum samples were taken from normal healthy volunteers at the Affiliated Hospital of China Medical University, and informed consent was obtained, respectively. All the experiments were conducted with the approval of the Ethics Committee of China Medical University. Unless otherwise stated, other reagents were of analytical grade and used as received. All solutions were prepared by using Milli-Q puried water (>18.0 MU cm À1 ) sterilized at high temperature.
Preparation of MB-rGO nanocomposite
Graphene oxide (GO) was prepared from nature graphite powder according to the method of Hummers. 33 The preparation of MB-rGO nanocomposite was synthesized following the procedures described in the literature.
38 Briey, 1.5 mg of MB was dissolved in 15 mL water and then the solution was mixed with 20 mL of GO (0.1 mg mL À1 ) aqueous dispersion under constant sonication. Aer adding 10 mL of hydrazine hydrate into MB-GO dispersion, the mixture was stirred and reuxed for 2 h at 90 C. Then, the resulting dispersion was centrifuged and washed with deionized water for 3 times to obtain the corresponding water dispersible MB-rGO nanocomposite. The as-prepared MB-rGO was stored as aqueous dispersion of 1.0 mg mL À1 .
The nal content of MB in the nanocomposites was investigated by elemental analysis. The analysis results were C 71.86%, H 2.863%, N 8.120% and S 3.927%. Because nitrogen element may be introduced into the nanocomposites during the reduction process by hydrazine hydrate, the content of MB in the nanocomposites calculated based on the sulfur element was 39.17%. The result indicated that enough MB molecules have been introduced in the nanocomposites.
Preparation of MB-rGO/GC electrode
Before the surface modication, the bare glassy carbon (GC) electrode with a diameter of 3.0 mm was polished with 1.0, 0.3, 0.05 mm alumina powder on a polishing cloth, respectively, then cleaned under bath sonication for several minutes, and nally washed three times with deionized water. The cleaned GC electrode was dried with puried nitrogen stream. To prepare MB-rGO/GC electrode, 7 mL MB-rGO aqueous dispersion (1.0 mg mL À1 ) was cast onto the GC electrode and dried in the air under an infrared lamp. For comparison, rGO/GC and MB/GC electrodes were prepared by applying the same procedures as described above with rGO (1.0 mg mL À1 ) dispersion and MB (1.0 mg mL À1 ) solution, respectively.
Apparatus and measurements
Transmission electron microscope (TEM, JEOL, Japan) characterization was carried out utilizing JEM-2100 with an accelerating voltage of 200 kV. Ultraviolet (UV)-visible experiments were performed with a Lambda 35 UV-vis spectrophotometer (Perkin Elmer Corp., USA). The Fourier transform infrared spectra (FT-IR) were recorded on a Spectrum One instrument (Perkin Elmer Corp., USA) by KBr-pellet. The zeta-potential values were obtained by using Zetasizer Nano-ZS particle analyzer (Malvern Corp., England). The morphologies of lms were obtained by Hitachi SU-8010 scanning electron microscopy (SEM), equipped with an energy-dispersive spectroscopy (EDS) analysis system. X-ray diffraction (XRD) patterns were recorded using a D8 ADVANCE diffractometer (Bruker, Germany). Elemental analysis data were collected by Vario III elemental analyser (Elementar Corp., Germany). X-ray photoelectron spectroscopy (XPS) was conducted on an AXIS ULTRA spectrometer (Kratos Analytical Ltd.). All electrochemical measurements were performed at room temperature by a BAS100B workstation (Bioanalytical Systems Inc., USA) in a conventional three-electrode system, using the as-prepared modied electrode as the working electrode, a platinum wire as the auxiliary electrode, and a saturated Ag/ AgCl electrode as the reference electrode. All experiments were performed in 0.1 M phosphate buffer solutions (PBS) at pH 7.4. The buffer solution was purged with highly puried nitrogen for at least 30 min and a nitrogen atmosphere environment was maintained during all electrochemical measurements without special statement.
Results and discussion
Fabrication of MB-rGO/GC electrode
The idealized scheme for design and construction of a MB-rGO/ GC electrode was depicted in Scheme 1. As shown, GO was rstly reduced by hydrazine in the presence of MB. Since the oxygen-functionalities of GO were removed, sp 2 -carbon hybrid structures were restored on the plane of rGO. In view of the surface of MB contained lots of p-bonds, MB could be adsorbed onto the surface of rGO via p-p stacking interactions. As known, GO was directly reduced by hydrazine, which led to obviously irreversible aggregation in water. However, there was no precipitation in our reduction procedure, indicating that water-soluble MB played a crucial role in preventing the aggregation of rGO nanosheets. Being a cationic dye, the MB on the surface of rGO endowed the nanocomposite with positive charge, facilitating the dispersity of rGO via electrostatic repulsion. Finally, the MB-rGO/GC electrode was fabricated aer MB-rGO aqueous dispersion cast onto the GC electrode.
Characterization of MB-rGO nanocomposite
The surface morphologies of the GO and MB-rGO nanocomposite were characterized by SEM. Fig. 1A and B displayed the SEM images of GO and MB-rGO, respectively. As shown, the surface of MB-rGO was much uctuant, compared to that of GO, which was attributed to the modication of MB onto the surface of rGO. The EDS spectra of GO and MB-rGO nanocomposite were shown in Fig. 1C and D. As can be seen, GO contained C, O elements, however, MB-rGO contained the C, O, N, S, Cl elements. The N, S, Cl elements came from MB in the MB-rGO nanocomposite.
The TEM analysis was used to examine the morphological character of the MB-rGO nanocomposite. Fig. 2A and B showed the typical TEM images of GO and MB-rGO nanocomposite, respectively. It could be observed that GO was in the form of corrugated sheet with partially curly edge, and the size of the sheets was micrometer scale. However, the morphology of MBrGO exhibited notable differences. Compared with GO sheets, the surface of MB-rGO was much rougher, indicating MB molecules were successfully modied onto rGO, and the thickness of nanosheets was increased owning to the p-p interactions of the conjugated molecular systems. The XRD spectra of graphite (a), GO (b), and MB-rGO (c) were shown in Fig. 2C . As shown, the peak of graphite at 26.5 corresponded to the (002) reection in the spectrum of graphite. However, the peak disappeared and a new peak appeared at 11.5 (001) in spectrum of GO, indicating that graphite had been oxidized completely. As to the XRD spectrum of MB-rGO, the peak at 24.3 (002) was weaker and wider than that of graphite, which was attributed to the effect of MB. Compared with the zeta potential value of GO (À40 mV, curve a in Fig. 2D ), the zeta potential value of MB-rGO (curve b in Fig. 2D ) was about +47.5 mV under the same conditions. The positive charge of MB-rGO nanocomposite was ascribed to the introduction of MB. And, the nanocomposite displayed good dispersibility in water due to the sufficient electrostatic repulsion. The digital images of GO (c) and MB-rGO (d) dispersion were shown in the inset of Fig. 2D , respectively. As can be observed, owing to the existence of numerous hydrophilic functionalized groups on Scheme 1 Scheme of fabrication of MB-rGO/GC electrode. the nanosheets, GO was readily dispersed in water and presented yellow-brown. By contrast, aer the reduction of GO and modication by MB, the MB-rGO nanocomposite could be also well dispersed in water and exhibited a well dispersibility in water, and formed a homogeneous black-blue suspension. Even aer standing for several weeks, the homogeneous suspension was still stable. UV-vis spectroscopy was conducted to investigate the formation of MB-rGO nanostructure. Fig. 3A showed the UV-vis spectra of GO (a), MB (b) and MB-rGO (c) in aqueous solution, respectively. As shown, the spectrum of GO exhibited an absorption peak at 230 nm and a shoulder peak at 300 nm, which was attributed to the p-p transitions of aromatic C-C bonds and the n-p transitions of aromatic C]O bonds, respectively. 39 The spectrum of MB displayed two typical absorbance peaks at 291 nm and 663 nm, whereas the shoulder peak at 245 nm and 621 nm were assigned to the absorbance peaks of the MB dimer in aqueous solution, which were consistent with the literature reported. 40 However, aer the formation of MB-rGO, the absorption peak redshied to 268 nm. As previously known, the rGO in water presented a strong absorption band at around 263 nm. 41 The slight redshi from 263 to 268 nm was attributed to p-p interactions between MB and rGO, suggesting that the electronic conjugation structure within the MB-rGO nanocomposite was expanded aer the self-assembly process. The FTIR spectra of GO (a), MB (b) and MB-rGO (c) were shown in Fig. 3B . From curve a, the spectrum clearly exhibited a broad adsorption band at 3420 cm À1 , which was assigned to the OH groups of GO. respectively. The spectrum of the pure MB displayed the presence of C-N (at 1398 cm À1 ) and -CH 3 (at 1354 cm À1 ). 42 However, the vibrational bands of oxygen-containing groups at 1720 and 1220 cm À1 almost disappeared and the peak at 1052 cm À1 markedly decreased in the spectrum of MB-rGO, suggesting that GO had been reduced to rGO. Additionally, the FTIR spectrum of MB-rGO still retained the peaks of C-N and -CH 3 , which proved that the adsorption of MB onto the rGO was reliable. The above-mentioned results illustrated that the MB-rGO nanocomposite was successfully prepared. The XPS spectra of the MB-rGO nanocomposite were characterized in Fig. S1A . † As shown, the absorbance peaks at 284.1 eV and 531.1 eV were the C 1s and O 1s XPS spectra, respectively. 43 Besides, the absorbance peaks of the N 1s (400.0 eV), 44 S 2p (163.6 eV) 45 and Cl 2p (199.3 eV) 46 also could be observed. These results illustrated that MB-rGO had been successfully prepared again. Specically, for the C 1s spectra as shown in (Fig. S1C †) , assigned to pyridinic nitrogen and graphitic nitrogen, respectively. 48 The main peaks of O 1s at 533.2 and 531.6 eV in Fig. S1E † showed S 2p XPS spectrum, which was spin-orbit splitting of S 2p peak, indicating there was a state of sulfur.
50
The peak of Cl 2p at 198.7 eV (Fig. S1F †) indicated that MB-rGO nanocomposite included the Cl À counter ions. 51 
Electrochemical properties of MB-rGO/GC electrode
To investigate the effect of immobilized amount of MB-rGO modied electrode on the redox currents, different concentrations of MB-rGO dispersion were cast on the surface of GC electrode. The cyclic voltammograms (CVs) of MB-rGO electrode were shown in the Fig. 4 , the peak current of MB-rGO/GC electrode increased with the increasement of concentration from 0.1 to 2.0 mg mL À1 . When the concentration was greater than 1.0 mg mL À1 , the peak current of MB-rGO/GC electrode was no obvious change. The results demonstrated that the thickness of composite lm would affect the following glucose sensing performance. And the GC electrode prepared with 1.0 mg mL À1 of MB-rGO dispersion was nally selected in the subsequent experiments. The CVs of bare GC, rGO/GC, MB/GC and MB-rGO/GC electrodes were shown in Fig. 5 and no redox peaks were observed at bare GC (Fig. 5a ) and rGO/GC (Fig. 5b) , indicating rGO was not electroactive in the potential range. However, a pair of asymmetric redox peaks were observable at the formal potential (E p ) of À0.203 V at the MB/GC electrode (Fig. 5c ). For the MB-rGO/ GC electrode, a couple of nearly symmetric and well-dened redox peaks were observed at MB-rGO/GC electrode (Fig. 5d) in the same potential range. The redox peak potentials were À0.308 and À0.254 V, respectively. The E p calculated from the average of the cathodic and anodic peak potentials was À0.281 V, which was close to the previous literature, 38 illustrating that rGO facilitated electron transfer between MB and GC electrode. The peak-to-peak separation of cathodic and anodic peak was 54 mV and the ratio of oxidation and reduction peak currents approximated to 1, demonstrating the quasireversible fast electron transfer of a redox reaction at the electrode. The above results indicated that MB-rGO nanocomposite possessed excellent electron-transport properties, which could realize the fast electron transfer between MB-rGO and the GC electrode.
The effect of the scan rate on the response of MB-rGO/GC electrode and the plots of peak currents versus scan rate were depicted in Fig. 6 . As shown, the cathodic peak potential shied to a more negative value with an increasing scan rate, while the anodic peak potential shied in a positive direction. And it is obvious that both the reduction and oxidation peak currents (I p ) were gradually increased with the increment of scan rate from 100 to 800 mV s À1 . This demonstrated that the electrochemical process at the MB-rGO/GC electrode is a surface-controlled process with a fast electron transfer. 
Electrocatalytic properties of MB-rGO/GC electrode
The performance of MB-rGO/GC electrode-based glucose sensor was investigated by CVs and differential pulse voltammograms (DPVs) techniques. Fig. 7 showed the CVs of MB-rGO/GC electrode in the deoxygenated (curve a) and O 2 -saturated PBS in the absence (curve b) and presence (curve c) of glucose. As aforementioned, curve a (the same as Fig. 5d ) displayed a pair of symmetrical redox peaks in N 2 -saturated PBS. By comparison, the reduction current of the MB-rGO/GC electrode in curve b dramatically increased under saturated O 2 condition, accompanied by a decrease of oxidation current. Furthermore, when glucose was added into O 2 -saturated PBS, the reduction peak current decreased (curve c). This was due to the consumption of dissolved oxygen at electrode surface by glucose, resulting in decrease of the concentration of the oxidized form of MB. Fig. 8 displayed the electrocatalytic activity of the MB-rGO/ GC electrode. The DPVs of the MB-rGO/GC electrode in the O 2 -saturated PBS containing different glucose concentrations was shown in Fig. 8A . The reduction current at À0.28 V decreased gradually with the increment of glucose concentration in the PBS, which indicated that the MB-rGO/GC electrode was active to oxidation of glucose. The electrocatalytic process of glucose by MB-rGO nanocomposite may be described by the following equations eqn (1)- (3).
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Where, MBH and MB + are the reduced and oxidized forms of methylene blue, respectively. GL is glucose, GLA is gluconic acid, and the rate of eqn (2) is much greater than the rate of eqn (3). Based on above analysis, the catalytic mechanism here is similar to that of GOx according to the literature reported, 55, 56 which illustrated that MB could act as GOx-mimicking for the homologous catalytic reaction. Fig. 8B depicted the relation between the decrement in reduction peak current of MB-rGO/ GC electrode and the concentration of glucose. It can be observed from the inset of Fig. 8B , the glucose concentration/ catalytic current increased linearly with the concentration ranges of glucose from 1.04 to 17.44 mM. The detection limit for the sensor was 45.8 mM, based on a signal-to-noise ratio of 3.
The wide linear range and low detection limit of the MB-rGO/GC electrode provide promising applications in glucose sensing. The linear regression equation was y ¼ 0.072x + 0.031 (R ¼ 0.9997, n ¼ 16), in which y and x stand for the glucose concentration/catalytic current and the concentration (mM) of glucose, respectively. According to the slope of the line, the sensitivity of the MB-rGO/GC electrode was calculated to be 13.08 mA mM À1 cm À2 , which was higher than that of the most other non-enzymatic glucose sensors previously reported ( Table  1) . As known, the normal human blood glucose concentration ranges from 4 to 7 mM, 64 and the glucose concentration of the diabetic is more than above-mentioned upper limit. Hence, the MB-rGO/GC electrode is suitable for the glucose detection in serum.
To further investigate the catalytic process, catalytic products were monitored by UV-vis adsorption spectra. According to the reported literature, 65 gluconic acid can be indirectly detected by reacting with hydroxylamine-ferric chloride to form hydroxamate Fe 3+ complex. So, the resulting of gluconic acid in this work can be detected by this method. As a comparison, gluconic acid obtained by the electrochemical catalytic reaction of GOx using GOx/Polymeric Ionic Liquids (PILs)-GP/GC electrode, which was reported by us, 9 was also determined by the above method. Fig. 9 showed the UV-vis spectra of purchased glucose solution (curve a), the resulting solutions of MB-rGO/ GC electrode based system (curve b) and GOx/PILs-GP/GC electrode based system (curve c), respectively. As shown, there was no absorption peaks in the glucose solution, and the absorption peak of curve b appeared at 505 nm, 66 which was similar to curve c, suggesting that gluconic acid was produced in the MB-rGO system.
Reproducibility and stability assay results
To investigate the reproducibility of MB-rGO/GC electrode, ve different electrodes, prepared independently with the same procedures, showed a good reproducibility with a relative standard deviation of 4.4% in the response to 5 mM glucose. The stability of MB-rGO/GC electrode was also evaluated. On the one hand, aer continuously scanning for 100 cycles, the peak current almost remained 92% of the initial response. On the other hand, the CVs were performed aer the modied electrode was stored in pH 7.4 buffers for a period of time. The variation of the reduction peak current was negligible aer 8 h, indicating that the MB-rGO/GC electrode possessed an acceptable stability. Additionally, the long-term stability of the MBrGO/GC electrode was examined by measuring the sensor response in the presence of 5 mM of glucose for one-month (Fig. S2 †) . As can be seen, the response current of the MBrGO/GC electrode towards glucose decreased about 2.92% aer rst ve days. Aer being stored for 15 days, the decrement of response current was 6.14% of its initial response, and the response current only decreased 7.98% aer 30 days. Hence, the above-mentioned results indicated that the glucose sensor exhibited the suitable stability toward the electrocatalytic oxidation of glucose.
3.6
Interference study and real sample assay Dopamine (DA), ascorbic acid (AA) and uric acid (UA) in serum are electrochemically active, which could be readily oxidized and consequently interfered the determination of glucose.
11 As can be seen in Fig. 10 , the peak current obviously decreased with the increasement of glucose concentration. However, no obvious changes of peak current were caused aer the addition of 0.1 mM DA, 0.1 mM AA, and 0.1 mM UA, which conrmed the high selectivity of the prepared glucose sensor.
In order to evaluate the feasibility of the proposed glucose sensor for real sample analysis. The sensor was used for the determination of glucose by standard addition methods in serum samples. The results are listed in Table 2 . It can be found that the experimental results of glucose concentration in serum samples agreed well with the values obtained from glucometer, and the recoveries for the determination of glucose were between 91% and 104%, indicating the potential application of the proposed glucose sensor in clinical analysis.
Conclusions
In summary, a well-dispersed and good electroconductive MBrGO nanocomposite was prepared based on the p-p stacking interactions. The as-prepared MB-rGO nanocomposite was further used to construct enzyme-free electrochemical glucose sensor. Electrochemical investigation indicated that the MBrGO modied electrode possessed glucose oxidase-mimetic activity and exhibited good electrocatalytic performance towards glucose with a wide linear range from 1.04 to 17.44 mM, a low detection limit of 45.8 mM and a large sensitivity of 13.08 mA cm À2 mM À1 . The prepared glucose sensor exhibited high stability, reproducibility and good anti-interference ability. This research illustrates that MB is a promising redox-active molecule of electrode materials for developing enzyme-mimetic electrochemical sensors.
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